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In  the  luminous  crustacean,  Cypridina, a  substance,  luciferin,  is 
oxidized  in  the  presence  of  water,  oxygen,  and  another  substance, 
luciferase, with the production of light.  I  have called the oxidation 
product of luciferin oxyluciferin; it is obtained by allowing  luciferin 
in  solution  to  oxidize  completely.  The  oxidation  is  accelerated  at 
high  temperatures.  An  extract  of  Cypridina,  boiled  until  it  to 
longer gives light on mixing with ludferase, will be spoken of through- 
out  this  paper  as  an  oxyluciferin  solution  (Harvey,  1918-19).  A 
solution of oxyluciferin has the same reaction as a  luciferin solution. 
It is slightly alkaline,  about pH  =  9. 
No  measurable  production  of  CO2  (Harvey,  1919-20,  a)  or  of 
heat  (H~trvey,  1919-20,  b)  accompanies  the  oxidation  of  luciferin. 
The reaction, luciferin --* oxyluciferin, therefore involves a  relatively 
slight  energy change and  should be  readily reversible.  An oxyluci- 
ferin solution, however, will not reduce to luciferin spontaneously on 
standing  (in the dark)  or on removal, with an air pump, of the dis- 
solved oxygen.  However, if we add to an oxyluciferin solution some 
milk, frog muscle suspension, yeast ceils, bacteria, or Mg powder plus 
acid,  which  results  in  the  evolution  of  nascent  hydrogen,  luciferin 
will  be  formed  and  can  be  tested  by  its  ability  to  luminesce with 
luciferase.  As  the  reducing  action  of  milk,  tissues,  bacteria,  and 
nascent  hydrogen are  so well known, it  seemed probable  that  they 
formed luciferin  by  removal  of  oxygen from,  or  addition  of  H,  to, 
oxyluciferin, reducing it in the same way that methylene blue can be 
reduced (decolorized) by tissue ceils, bacteria,  nascent hydrogen, etc. 
In my previous paper (1918-19) I  called attention  to  the  fact  that 
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acid  also plays a part in the formation of luciferin from oxyluciferim 
"If one saturates an oxyluciferin solution with CO2 or adds a  little 
dilute acetic acid and allows the solution to stand for 24 hours, a cer- 
tain amount of reduction will occur" (page 143).  Indeed it is not neces- 
sary to  let  the  solution  stand  24  hours.  Luciferin will be  formed 
from an oxyluciferin solution immediately on adding a  little acid  to 
it.  HC1,  HNO~,  or  H,  SO,  may  also  be  used.  The  action  begins 
when  the  solution  of  oxyluciferin,  ordinarily  slightly  alkaline  (pH 
=  9), is made neutral (pH  =  7.1),  as indicated in Table I. 
TABLE  I. 
E ffea of Acid on ReducHon of Oxyluciferin. 
Solution. 
20 cc. of oxyluciferin alone. 
20 cc. of oxylucfferin +  0.05 cc. of 
5 per cent acetic acid. 
20 cc. of oxylucfferin +  0.15 cc. of 
5 per cent acetic acid. 
20 cc. of oxylucfferin +  0.03 cc. of 
5 per cent acetic acid. 
20 cc. of oxyluciferin +  0.05 cc. of 
5 per cent acetic acid. 
20 cc. of oxyluciferin +  0.75 cc. of 
S per cent acetic acid. 
Luminescence 
with 
luclferase. 
Negative. 
cg 
Fair. 
Good. 
RemarkS. 
Acid forms precipitate in this 
oxyluciferin solution. 
Acid forms precipitate in this 
oxylucfferin solution. 
Acid forms precipitate in this 
oxyluciferin solution. 
* Light disappears quickly because of the effect of the acidity on the luciferase. 
The  acid must  act  on  the  oxyluciferin as  no  luciferase or other 
enzymes destroyed on boiling are present. 
The addition of acid, then,  to a  boiled extract of Cypri~Iina (oxy- 
ludferin)  causes  the  formation  of  a  substance  (luclferin)  which 
will give light with luciferase.  It is possible that the action of bac- 
teria (which produce CO,), muscle tissue (which contagus lactic acid), 
or Mg plus acid in forming luciferin is not the result of their reducing 
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the  use  of  reducing  fluids  which  are  not  acid.  If they also  form 
luciferin from oxyludferin, a  reduction must occur.  Nascent H  can 
be generated by the action of NaOH  on A1 or when finely divided 
Mg, Zn, or A1 is placed in water.  With Mg the water becomes only 
slightly alkaline from the formation of  almost insoluble  Mg (OH),. 
If we add some A1 powder and dilute NaOH to an oxyludferin solu- 
tion, H  is given off and ludferin is formed.  As oxyluciferin cannot 
be formed by the addition of alkali alone we must have in this experi- 
ment a  reduction of oxyluciferin in alkaline medium by the nascent 
H  produced.  Luciferin  can  also  be  formed by  merely adding  A1, 
Zn, or Mg dust to an oxyluciferin solution.  Methylene blue can be 
readily reduced to its leuco base by Zn dust or A1 plus NaOH. 
Indeed, if one adds  some A1,  Zn,  or Mg powder to  a  solution of 
ludferase, light will appear whenever the  solution  is  shaken.  Luci- 
ferase  solution must  always  contain  the  oxidation  product  of  luci- 
ferin, oxyluclferin.  In the presence of nascent H  this is reduced to 
luciferin and,  since the reaction of the medium is alkaline and luci- 
ferase is  present,  this  is  oxidized  with  light  production,  when,  by 
shaking,  air  is  dissolved.  The  light  can never become very bright 
except at the surface because of the deficiency of oxygen in the solu- 
tion.  It would seem, then, that the action of bacteria, yeast, muscie 
cells, etc. on oxyluciferin must be due not entirely to their acid reac- 
tion but to their reducing power as well. 
The above experiment is striking and instructive.  To a  test-tube 
of luciferase solution containing as it does oxylucfferin add some Zn 
dust or Mg powder, and the evolution of hydrogen begins.  Condi- 
tions  are now favorable for  the reduction of oxyluciferin, and  this 
occurs.  Shake the contents of the tube to dissolve oxygen and light 
appears.  Allow  the  tube  to  stand  and  the  light  soon  disappears. 
Shake again and the light  reappears.  The reduction and oxidation 
processes can be demonstrated many times. 
A  similar  experiment can be  performed with  luciferase plus oxy- 
lucifefin solution by the addition of (NI-I4)2S.  This will serve also as 
another example  of  the reduction of oxyluciferin in  an alkaline me- 
dium.  Whenever we shake a  tube  of  lueiferase,  oxyluciferin, and 
(NH4)2S,  light  will  appear.  When  the  tube  is  at  rest  it  becomes 
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tents,  and  cause the  solution  of oxygen and the appearance of light. 
It is just as if we stimulated  the tube to produce light  and I  believe 
the  phenomenon  has  a  deeper  significance  and  a  more  fundamental 
similarity to the phenomena of stimulation than may at  first  appear. 
What  more  simple  means  of  controlling  a  process can we think  of 
than  by admission  or withdrawal  of oxygen?  The  firefly turns  on 
its  light  by  stimulation,  through  nerves,  of  the  luminous  organ. 
Noctiluca  flashes  on stimulation  of any kind,  even  the slightest  agi- 
tation causing a brilliant emission of light.  If the stimulation process 
means  merely  the  admission  of  oxygen  to  the  photogenic  ceils,  we 
have  a  mechanism  in  the  cell itself for automatically producing  the 
light.  The  admission  of  oxygen  results  in  aerobic  conditions,  and 
luciferin in the presence of luciferase can then oxidize to oxyluciferin 
with  luminescence.  When  the  oxygen is  used  up,  the  light  ceases, 
anaerobic  conditions  prevail,  and  the  oxyluciferin  is  reduced  to 
lucifefin again.  Thus, luciferin is reformed during the rest period of 
Noctiluca  or between the flashes of the firefly.  What more efficient 
type of light  than  this is to be desired. 
Again,  methylene blue offers an interesting parallel  to oxyluciferin. 
A  little  (NH4)~S  added  to  a  methylene  blue  solution  will  reduce 
(decolorize) it to the leuco base.  If the tube is now shaken,  the blue 
color  returns.  On  standing  reduction  again  occurs.  The  process 
can be repeated  a  number of times,  the reaction going in one or the 
other direction depending on the oxygen content of the mixture. 
As methylene blue contains no oxygen its reduction consists in the 
addition  of  two  atoms of  hydrogen.  When  leucomethylene blue 
oxidizes, water is formed by the union of these two atoms of hydrogen 
with oxygen, thus 
C16H,0N~SCI +  O ~  C16H18N,  SC1 +  H20 
(Leucomethylene blue)  (Methylene blue) 
More briefly 
MH2 +  O~--M +  H20 
To  reduce  methylene  blue  we  can  add  the  two  hydrogen  atoms 
directly  from  nascent  hydrogen  formed  in  the  solution  or  we  can 
split up water by a  catalyzer in the presence of some substance which 
will take up the oxygen of water.  The hydrogen of water then adds 
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NaH,  PO2 -{- H,O -t- Pd =  NaH2PO3 -t- H2 +  Pd 
(Sodium hypophosphite)  (Sodium phosphite) 
This  reaction  occurs  in  the presence of  finely  divided palladium. 
The methylene blue is reduced by the H2, and the hypophosphite is 
oxidized.  Since  oxyluciferin  can  be  reduced  by  palladium  and 
sodium hypophosphite (Harvey 1918-19), it is probable that we can 
write the equation for the reduction of oxyluciferin and oxidation of 
luciferin in a similar manner to that of methylene blue. 
Luciferin -t- O ~- oxyluciferln -}- H20 
More briefly 
LH,  -{- O ~  L  -{- H,O 
Just as in the case of methylene blue the reaction proceeds in the 
right hand direction spontaneously if the pressure of O is sufficiently 
high.  If luclferase is also present we have luminescence. 
LH2 -t- O  -[- luciferase ~  L  +  H,O +  luciferase (luminescence) 
The reaction proceeds in the left hand direction under low oxygen 
pressure  , in the presence of nascent hydrogen, or with some catalyzer 
which is able to split water,  transferring the H2 to oxyluciferin and 
the O to an acceptor (A).  NaH2PO2  plays  the part of the acceptor. 
L +  H20 +  A +  Pd~LH2  +  AO +  Pd 
This  appears  to  be  the  way  in  which  the  reducing enzymes  or 
perhydridases  (comparable  to  the Pd)  of living tissues  act  (Bach, 
1911, 1912,  1913),  and  the  action  of  yeast  cells,  bacteria,  muscle 
suspensions, etc.  in reducing oxyluciferin must  occur  in  the  same 
manner. 
If we assume that the LH2 (luciferin) compound is dissociated even 
to  the slightest extent into L  and hydrogen, the hydrogen ion will 
shift the equilibrium toward the formation of that substance which 
involves the taking up of hydrogen.  Consequently we may obtain 
a  partial  formation of luciferin by  adding an  acid  to  oxyluciferin. 
Reduction of the hydrogen ion concentration tends to shift the equi- 
librium in the opposite direction.  Consequently, addition of alkali 
favors the oxidation of luciferin and it is quite generally true  that 
biological oxidations are favored by an alkaline reaction.  In addi- 212  STUDIES ON  BIOLUMIN'ESCENCE.  XII 
tion oxygen in alkaline medium has a higher oxidation potential than 
in  neutral  or  acid  media.  I  believe  this  is  the  explanation  of  the 
action of acid in the formation of luciferin from oxyluciferin. 
Addition  of acid is not  the only means of favoring  the formation 
of luciferin from oxyluciferln.  Any reaction which  proceeds  in  one 
direction  with  evolution  of  light  should,  theoretically,  proceed  in 
the opposite direction under the influence of light.  As far as I  know 
the case of a reaction, photogenic in one direction and photochemical 
in  the  other  direction,  has  never  been  described,  unless  we  are  to 
accept the  cases of phosphorescence;  for instance,  the  absorption of 
light  by CaS  and its  emission in  the dark.  However,  the  reaction 
which occurs during phosphorescence cannot be stated. 
It is a  fact that  light  will cause the reduction  of oxyluciferin.  A 
tube of oxyluciferin exposed to sunlight  for 6  hours or the mercury 
arc  for  2  hours  will  be  partially  converted  into  luciferin.  It  will 
luminesce when luciferase is added while a  control tube kept in dark- 
ness shows no trace of luciferin.  The action is more marked with the 
ultra-violet,  as  a  solution  of  oxyluciferin  in  a  quartz  tube  showed 
more reduction  than  one in a  glass tube when exposed for the  same 
length  of  time  to  the  quartz  mercury  arc.  The  reduction  is  not 
dependent on the formation of acid under the influence 6f light since 
two tubes of oxyluciferin, one kept in darkness and the other exposed 
to sunlight for 6 hours, had the same reaction, pH  --  9.3.  Of course 
some  reducing  substance  might  be  formed  under  the  influence  of 
light but this is not very probable. 
We may therefore write  the  reaction  for luminescence  in  the  fol- 
lowing way. 
Darkness. 
Alkali. 
Luciferase. 
Luciferin (LH2) +  O ~  oxylucfferin  (L)* + IffaO (luminescence) 
Perhydridase. 
Acid. 
Light. 
* It is unfortunate  that Dubois (1918) has used the word oxyluciferin in quite 
a different sense from my own.  His idea of the processes involved is as follows 
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As  I  stated  in  my  previous  paper  (Harvey,  1918-19,  page  144), 
"Acid  thus  favors  reduction  and  hinders  oxidation,  while  alkali 
favors  oxidation  and  hinders  reduction  ....  "  so  we  may 
now add, light favors reduction and darkness  favors oxidation of the 
luciferin ~_  oxyluciferln reaction. 
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"Colucif6rase -I-pr~lucif~rine  =  lucif~rine; 
Lucif6rase -k lucif6rine  ffi oxylucif~rine; 
Oxylucif~rine -I- oxyg~ne ffi lumi~re." 
Coluciferase  forms luciferin from a  precursor, preluciferine,  and Byla's pep- 
tone, lecithin, esculin, taurine, tyrosine, and asparagine will also form luciferin 
if mixed with coluciferase.  We may perhaps add that luciferin must have an 
extraordinary chemical structure, if it can be formed from such diverse substances 
as lecithin, esculin,  and taurine.  My own view of the processes  involved in 
luminescence is given in the text. 
In a later paper, appearing after my own (Harvey, t918-19), Dubois (1919) 
makes no mention of preluciferine and accepts in the ease of Phol~ my view that 
luciferin can be again formed from a boiled extract of luminous animals by reduc- 
tion.  The enzyme of PhoZas concerned in this reduction ("a hydrogenase") can 
also  liberate hydrogen from cane sugar.  As tl~is is Dubois's first mention of 
luciferin  formation by reduction, I  fail to see how, as Dubois states, I  "redis- 
covered" this fact for Cypridi~. 